Ligation-mediated PCR was employed to quantify cyclobutane pyrimidine dimer (CPD) formation at nucleotide resolution along exon 2 of the adenine phosphoribosyltransferase (aprt) locus in Chinese hamster ovary (CHO) cells following irradiation with either UVA (340±400 nm), UVB (295±320 nm), UVC (254 nm) or simulated sunlight (SSL; l > 295 nm). The resulting DNA damage spectrum for each wavelength region was then aligned with the corresponding mutational spectrum generated previously in the same genetic target. The DNA sequence speci®ci-ties of CPD formation induced by UVC, UVB or SSL were very similar, i.e., in each case the overall relative proportion of this photoproduct forming at TT, TC, CT and CC sites was~28,~26,~16 and~30%, respectively. Furthermore, a clear correspondence was noted between the precise locations of CPD damage hotspots, and of`UV signature' mutational hotspots consisting primarily of C®T and CC®TT transitions within pyrimidine runs. However, following UVA exposure, in strong contrast to the above situation for UVC, UVB or SSL, CPDs were generated much more frequently at TT sites than at TC, CT or CC sites (57% versus 18, 11 and 14%, respectively). This CPD deposition pattern correlates well with the strikingly high proportion of mutations recovered opposite TT dipyrimidines in UVAirradiated CHO cells. Our results directly implicate the CPD as a major promutagenic DNA photoproduct induced speci®cally by UVA in rodent cells.
INTRODUCTION
Exposure to sunlight is the major determinant in the multistage development of melanoma and non-melanoma forms of skin cancer (1, 2) . This can be largely attributed to the induction of highly genotoxic dipyrimidine photoproducts, namely cis±syn cyclobutane pyrimidine dimers (CPDs) and pyrimidine pyrimidone photoproducts (6-4PPs), which are formed via direct absorption of solar UV photons by DNA. Indeed, sequencing studies have clearly shown that collections of mutated p53 tumor suppressor genes isolated from human and murine skin tumors consistently bear the hallmark`signature' of causation by dipyrimidine photoproducts, i.e., a striking predominance of C®T transitions at dipyrimidine target sites including some tandem CC®TT events, and an accompanying paucity of mutations at A:T base pairs (3, 4) . In addition, different lines of evidence strongly support a preeminent role speci®cally for the CPD, which, relative to the 6-4PP, forms in substantially higher yield after sunlight exposure and is repaired much more slowly (5, 6) . Nonetheless, at least some genotoxic contribution by the 6-4PP (and/or by its Dewar valence photoisomer) should not be ruled out (7) .
Long-wavelength UVB (295±320 nm) and UVA (320± 400 nm) constitute~0.3 and~5.1% of the terrestrial solar spectrum, respectively. UVC (190±280 nm) and shortwavelength UVB (280±295 nm) are virtually completely blocked by the atmosphere and therefore not biologically relevant. The widely employed model mutagen 254-nm UV (hereafter called UVC), being very close to the absorption maximum of DNA (l = 260 nm), is the most pro®cient UV wavelength in the generation of dipyrimidine photoproducts. CPDs and 6-4PPs can also be readily formed through direct absorption of UVB photons by DNA, although (in line with the relative DNA absorption potential of UVB) at a yield 20±100-fold lower than UVC (8, 9) . UVA is absorbed orders of magnitude (10 5 -fold) more weakly by DNA compared with UVC (10) , and is therefore proportionately far less effective in the induction of dipyrimidine photoproducts (see below). Nonetheless, puri®ed UVA has been shown to exhibit signi®cant mutagenic and carcinogenic potential at physiological¯uencies (11±14). This is of major concern since levels of human exposure to UVA have increased signi®cantly in recent decades due to (i) the (previous) widespread use of UVB-speci®c sunscreens, allowing greatly increased periods of recreational sun tanning by blocking UVB-induced erythema, but without providing UVA protection, and (ii) the current popularity of high-intensity UVA tanning sources, emitting up to 99.9% and 0.1% of energy in the UVA and UVB ranges, respectively (15, 16) .
Since UVA is so weakly absorbed by DNA, its mutagenic effect has generally not been attributed to dipyrimidine photoproducts, but rather to excitation of non-DNA chromophores leading to the production of reactive oxygen species which, in turn, attack the double helix to yield oxidized bases and DNA strand breaks (11, 17, 18) . In particular, puri®ed UVA induces photooxidation products of guanine, most notably the highly mutagenic adduct 8-oxo-7,8-dihydroguanine (8-oxoGua), through generation of singlet oxygen or via a type I photosensitization reaction (19±22). It should be mentioned that exposure to UVB or broad-spectrum sunlight (but not to UVC) also signi®cantly alters the cellular redox state (23) and induces some 8-oxoGua (22) . In a highly characteristic manner, 8-oxoGua would be expected to cause G®T signature mutations; however, such mutations have been only rarely recovered either at target loci in cultured mammalian cells irradiated with either UVB or UVA (13, 24, 25) , or among mutated p53 tumor suppressor genes derived from sunlight-associated skin tumors (26) . This latter revelation, together with studies (cited above) demonstrating the powerful promutagenic potential of CPDs in living cells, indicate a minor role at best for oxidative DNA damage in solar mutagenesis. In summary, compared with the wellcharacterized situation for cells irradiated with UVC, UVB or broad-spectrum natural sunlight, i.e., where CPDs clearly underlie the vast majority of genetic alterations, the primary promutagenic lesion(s) induced by puri®ed UVA at present remain unclear.
Nonetheless, a number of recent studies have provided new insight into the mechanism of UVA mutagenesis. In particular, the global genomic distributions of various classes of DNA photoproducts were investigated in Chinese hamster ovary (CHO) cells exposed to different rigorously ®ltered sources emitting UVC, UVB, UVA or broad-spectrum simulated sunlight (SSL). CPDs were by far the major photolesion produced by all types of radiation, including by UVA which was shown to generate levels of CPDs at a yield 10 5 -fold lower than UVC (9, 22, 27) , consistent with a mechanism of UVAinduced CPD formation based on direct absorption of UVA photons by DNA (10) . In addition, it was shown that the 6-4PP and its Dewar valence photoisomers were readily produced by UVB and SSL, although no such 6-4PP derivatives could be detected following UVA treatment (9) . Also, the yield of CPDs was reported to be~3-fold higher than that of 8-oxoGua upon UVA exposure (22) . Finally, using a sensitive genomic sequencing method (ligation-mediated PCR; see below), under conditions where extremely high levels of CPDs were induced, it was unexpectedly revealed that both 6-4PPs and oxidized DNA bases are virtually undetectable in SSLexposed cultured cells (28) . Taken together, these data demonstrate signi®cant variations in DNA damage distribution depending on incident wavelength and indicate, at least on quantitative grounds, that CPDs might constitute an important promutagenic lesion induced by puri®ed UVA.
Despite the studies described immediately above, which probed global genomic photoproduct distribution in CHO cells exposed to various components of the solar UV wavelength spectrum, no studies to date have coordinately examined the precise nature of genetic damage induced speci®cally by UVA in living cells and its relationship to UVA mutagenesis at the DNA sequence level. We therefore employed ligationmediated PCR (LMPCR) to compare the frequency of CPD formation at nucleotide resolution along the transcribed strand (TS) and non-transcribed strand (NTS) of exon 2 of the adenine phosphoribosyltransferase (aprt) locus in CHO cells irradiated with rigorously-®ltered sources emitting either UVA (340±400 nm), UVB (295±320 nm), UVC (254 nm) or broad-spectrum SSL (l > 295 nm). For each wavelength region, the resulting spectrum of CPD damage was compared to the corresponding mutational spectrum generated previously in the same genetic target (13) . Our results shed new light on the mechanism of UVA mutagenesis in a mammalian chromosomal gene.
MATERIALS AND METHODS

Cells lines, irradiation conditions and digestion of genomic DNA
CHO cells (strain UVL-9) were grown to 80±90% con¯uence in 60-mm Petri dishes and irradiated on ice in PBS buffer with 254-nm UVC, UVB (295±320 nm) or SSL (l > 295 nm) using, respectively, a 254-nm germicidal UVC lamp (G25T8 germicidal lamp, Sankyo Denki, Japan), a¯uorescent polychromatic UVB lamp (a series of six 15 W tubes,Vilber Lourmat, France) or a 2500 W xenon arc lamp (XBO, OSRAM, Rosny-sous-Bois, France) (9,13). For UVA irradiation, a 5000 W Mutzhas SUPERSUN lamp (Mu Ènich, Germany) emitting virtually exclusively in the UVA1 range (340±440 nm) was utilized. The spectral outputs of these lamps, and properties of the UV wavelength-cutoff ®lters (Schott, Mainz, Germany) employed to remove contaminating wavelengths (necessary only in the case of UVB and SSL), have been previously characterized (29) (Results and Discussion). Following treatment of living cells with each of the four light sources, genomic DNA was immediately extracted, quanti®ed and digested with T4 endonuclease V (kindly provided by Dr Stephen Lloyd, The University of Texas Medical Branch, Galveston, USA) to incise the DNA very ef®ciently and with high speci®city at CPD sites. This treatment produces 5¢-pyrimidine overhangs precisely at the termini of incised strands, which were then removed by photoreactivation using Escherichia coli CPD photolyase (kindly provided by Dr Tim O'Connor, Beckman Research Institute of the City of Hope, Duarte, USA) in order to generate 5¢ ligatable ends (30) . Prior to using this T4 endonuclease V/photolyase-digested genomic DNA for DNA sequence level analysis via LMPCR (see immediately below), aliquots were run on an alkaline agarose gel to estimate the global CPD frequency induced by each type of UV treatment (31, 32) .
LMPCR analysis
The LMPCR technique for analysis of CPD distribution at nucleotide resolution in UV-irradiated cells has been Nucleic Acids Research, 2003, Vol. 31, No. 11 2787 described previously in detail (32) . Brie¯y, following denaturation of the T4 endonuclease V/photolyase-digested DNA, an aprt-speci®c oligonucleotide was annealed downstream of the region to be analyzed, and a set of genomic cleavage products (terminating precisely at sites where T4 endonuclease V incised the DNA adjacent to CPDs) was generated via primer extension with cloned Pfu polymerase (Stratagene, Cedar Creek, TX). An asymmetric doublestranded oligonucleotide linker was ligated to the phosphate groups at the fragment termini, thus providing a common sequence on the 5¢ end of all fragments. The longer oligonucleotide primer of the linker, in conjunction with another aprt-speci®c primer, was then used in a PCR reaction to amplify the gene-speci®c cleavage products of interest. These products were subjected to electrophoresis on 8% polyacrylamide gels alongside a Maxam±Gilbert sequencing ladder, transferred to nylon membranes, hybridized to a 32 Plabeled gene-speci®c probe and visualized by autoradiography.
Each band on an autoradiogram represents a nucleotide position where a CPD cleavage has occurred, and the intensity of the band re¯ects the number of DNA molecules with a cleaved CPD at that position. All bands corresponding to CPDs at dipyrimidine sites, and yielding a measurable signal above background, were quanti®ed using a Fuji BAS 1000 phosphorimager (Fuji Medical System, Stanford, CA) as described immediately below. Each sample was assayed in duplicate. A screening sequencing gel was initially run to ensure that there was no signi®cant variation in band intensity between samples. The duplicates were then pooled and à combined' gel was run. Each irradiation experiment was performed in triplicate in two different laboratories using similar light sources and ®lters. Two series of LMPCR protocols for each primer set were applied to each DNA sample issued from the various irradiation experiments. The band patterns as well as the quanti®cations of cleavage products in gels did not differ signi®cantly between individual experiments or manipulators.
To analyze CPD distribution on the NTS of aprt exon 2 (spanning positions +199 to +287), the following primers were used: primer arp394 (for primer extension), 5¢-TATGTC-ACCCTCAGTCCATC-3¢ (T m = 56.3°C); primer arp377 (for PCR ampli®cation), 5¢-GCAGGCTCCCCTCCCTTCCCT-TAT-3¢ (T m = 71.4°C); primer arp354 (for PCR probe preparation), 5¢-CGTGCTGGTCCCCCACTGTG-3¢ (T m = 70.1°C).
For analysis of the TS (spanning positions +321 to +211), the following primers were used: primer arp160R (for primer extension), 5¢-CAGTCTCGGGGATCTTG-3¢ (T m = 55.3°C); primer arp181R (for PCR ampli®cation), 5¢-TTGTGGTCT-CCGCCCCCCTTTCCC-3¢ (T m = 77.1°C); primer arp192R (for PCR probe preparation), 5¢-TTTCCCCGGCCACCAGC-3¢ (T m = 68.3°C).
Quanti®cation of band intensity at dipyrimidine sites
Using the phosphorimager software package provided by the manufacturer (Image Gauge V3.0), a rectangle was drawn around each band on the LMPCR autoradiogram corresponding to a dipyrimidine site. The band intensity value corresponding directly to the amount of radioactive material was read within each rectangle as counts per band surface. The amount of radioactive material at every position corresponding to a dipyrimidine site was quanti®ed in irradiated samples as well as in the unirradiated (NoUV) control lane. The relative intensity (in percentage) of each band in a particular lane was calculated as the fraction of counts at that precise position in comparison with the total amount of counts at all bands corresponding to all other dipyrimidine sites in that lane, after correction for background by subtracting the corresponding value in the unirradiated control lane. In other words, the corrected number of counts for a speci®c band was divided by the total number of counts of all bands in that lane. Where irradiation had been performed at various doses, the mean value was calculated for each dipyrimidine site, since only the global frequency of CPDs varies as a function of dose but not their distribution at individual dipyrimidine sites. The quanti®cation of each autoradiogram was performed blindly by two independent investigators.
RESULTS AND DISCUSSION
CHO cells were exposed to photons from de®ned regions of the solar wavelength spectrum, and the frequency of CPD formation along the TS and NTS of aprt exon 2 was mapped at nucleotide resolution by LMPCR. For each type of radiation, the various doses employed correspond to those which can be obtained during a few hours of natural sunlight exposure in Paris (France) at summer zenith (27) . The UVB (295±320 nm) and SSL (l > 295 nm) sources were puri®ed using 2-mm-thick UV wavelength-cutoff ®lters (Schott WG305 and WG320, respectively) to rigorously exclude any contaminating UVC and far-UVB. The energy emitted by the ®ltered SSL lamp was composed of~0.3% UVB,~6% UVA,~47% visible light and~47% infrared. The corresponding values for terrestrial sunlight are 0.3, 5.1, 62.7 and 31.9%, respectively (33) . We note that the UVB source contained a UVA component that could not be excluded; however, as previously discussed (13) , this very minor component would not be expected to exert any signi®cant effect on the end-points (i.e., DNA damage and mutation) studied here (29) . The broad-band UVA lamp was employed without any cutoff ®lters. However, the emission spectrum of this lamp consists almost entirely of UVA1 radiation (340±400 nm) and does not contain any biologically signi®cant UVB or UVC (i.e., wavelengths below 330 nm contributing <10 ±6 of the total energy output, according to the emission spectrum provided by the manufacturer). Consequently, the UVA-induced CPD frequency distribution described herein can be entirely attributed to the action of UVA photons.
The distributions of CPDs following UVB, SSL and UVC irradiation are quite similar Figure 1A shows a typical LMPCR autoradiogram re¯ecting the CPD frequency distribution at nucleotide resolution along the NTS of aprt exon 2 in cells irradiated with 0.03, 0.6 or 3000 kJ/m 2 of UVC, UVB or SSL, respectively. Similar raw data (not shown) were obtained for the TS. Relative CPD frequencies at individual nucleotide positions along aprt exon 2 were determined by phosphorimager analysis. In the case of UVC, UVB and SSL, CPDs were detected at all dipyrimidine sites along both strands. It is particularly noteworthy that the LMPCR band patterns and intensities generated by UVC, UVB and SSL were very similar (visual inspection of Fig. 1A) . Indeed, as graphically depicted in the upper portion of Figure 2 and in Figure 3 (corresponding to the NTS and TS, respectively), phosphorimager analysis clearly revealed that initial CPD frequencies induced by each type of radiation along aprt exon 2 were generally equivalent when considering individual dipyrimidine target sites. Furthermore, in actually calculating the proportion of CPDs formed at each of the four classes of dipyrimidine sites, it was revealed that, in the case of either UVC, UVB or SSL, the overall proportions of CPDs forming at TT, TC, CT and CC sites were~28,~26,~16 and~30%, respectively (Table 1 ). This relative CPD frequency distribution is atypical, especially when compared with the general situation for UVC-irradiated total genomic DNA, where the proportions of CPDs at TT, TC, CT and CC have been estimated at 68, 16, 13 and 3%, respectively (34, 35) . In addition, although not apparent in the present case, the ratio of CPDs at C-containing dipyrimidines relative to TT dipyrimidines has been shown to increase signi®cantly following exposure to either UVB or SSL as opposed to exposure to UVC (35, 36) . The apparently peculiar CPD frequency distribution observed along aprt exon 2 can be at least partially explained by the relatively small size (100 bp) of this genetic target. Most notably in this latter respect, aprt exon 2 is very rich in C-containing dipyrimidines together with a paucity in runs of Ts where CPDs are readily formed after UVC (37, 38) . Speci®cally, aprt exon 2 contains 65 potential dipyrimidine targets in total, i.e., 5 TT, 11 TC, 9 CT and 19 CC on the NTS, and 3 TT, 6 TC, 7 CT and 5 CC on the TS. The UVA-induced CPD distribution differs from that induced by UVB, SSL and UVC The LMPCR autoradiogram in Figure 1B depicts the CPD distribution along the NTS of aprt exon 2 following irradiation with increasing doses of UVA, UVB or SSL. In the case of UVB and SSL, CPD frequencies increased as a function of dose at all possible dipyrimidine target sites on both strands (visual inspection of Fig. 1B ; autoradiogram for the TS not shown). However, the site speci®city for DNA damage Figure 2 . Distribution of CPDs and mutations induced by UVA, UVB, UVC radiation and SSL in exon 2 of the aprt gene of CHO cells. CPDs were mapped along the NTS of exon 2. Quanti®cation of CPDs was performed as described in Materials and Methods. The upper part of the ®gure represents the relative frequencies of CPD formation at every dipyrimidine site. In the lower part of the ®gure, mutations as reported by Drobetsky et al. (13) , and mapped along the sequence independently of the strand where the premutagenic lesions at the origin of the base changes are expected. The relative frequency of mutations at each site was calculated as the ratio of the number of mutants recovered at a particular site to the total number of mutants occurring along exon 2 of the aprt gene after irradiation. All events were considered in the calculation and double mutations were counted as one change at each of the two positions. The underlined nucleotides correspond to positions 238±246.
formation following exposure to rigorously puri®ed UVA was strikingly different relative to UVB or SSL. Indeed, CPDs were detected at all potential dipyrimidine sites along both strands of aprt exon 2 in UVA-exposed cells only at the highest dose, i.e., 4.5 kJ/m 2 (upper portions of Figs 2 and 3) . The UVA doses also generated a lower global CPD frequency than the doses of UVB and SSL, as judged by denaturing agarose gel electrophoresis (data not shown).
UVA-induced CPDs are predominantly formed at thymine±thymine dipyrimidine sites
The proportion of CPDs formed at each of the four classes of dipyrimidine sites (TT, CC, CT and TC) have been calculated independently of the number of each of these sites in the analyzed sequence (Table 1) . Assuming the same number of dipyrimidine sites for each class, the proportion of CPDs formed at TT sites following UVA radiation would be 57%, at least in the sequence context of aprt exon 2. Moreover, the increased proportion of CPDs generated at TT sites following irradiation with UVA versus either UVB or SSL is signi®-cantly different (P < 0.0004 and <0.00002; Fisher's exact test). Using a sensitive HPLC±MS/MS assay, a large majority of CPDs were recovered at TT sites in bulk genomic DNA from CHO cells exposed to UVA, but not to UVB or SSL (88% versus 42 and 48%, respectively; T.Douki, J.Cadet and E.Sage, manuscript submitted).
Although DNA absorbs UVA extremely weakly relative to UVC or UVB (10), it was nonetheless previously shown that the global yield of CPDs in genomic DNA isolated from CHO cells treated with UVA is consistent with a mechanism of formation based on direct absorption of UVA photons (330±360 nm) by DNA (9, 27) . Moreover, based on action spectra and relative spectral effectiveness for CPD induction, it has been demonstrated that photons of longer UVA wavelength can also be implicated in the production of CPDs (19, 22) . Furthermore, the distribution of CPDs formed by direct absorption of UVA photons is not expected to differ from that of CPDs produced by UVB or SSL. This latter notion, coupled with the strikingly high frequency of CPDs observed here at TT sites uniquely after UVA treatment, strongly suggest that UVA-induced CPDs are formed through means other than (or in addition to) direct absorption by DNA. In particular, triplet photosensitization would be expected to produce CPDs predominantly at TT sites, to a lesser extent at TC and CT sites and not at all at CC sites, due to the lower energy of the triplet state of thymine in comparison with TT  57%  27%  29%  26%  TC  18%  26%  28%  24%  CT  11%  17%  17%  15%  CC  14%  30%  26%  35% a Following quanti®cation of autoradiograms, the frequency of CPDs formed at a particular class of dipyrimidine sites was divided by the number of dipyrimidine sites in this class contained in exon 2 of the aprt gene, including transcribed and non-transcribed strands (8 TT, 17 TC, 16 CT and 24 CC sites). The relative proportion of CPDs formed at the four different classes of dipyrimidine sites was then normalized to 100%.
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cytosine. The preferential formation of CPDs at TT sites via photosensitization after UV exposure has been well documented in vitro (39±43). Various non-DNA chromophores are able to absorb UVA photons and presumably transfer energy or electrons to other cellular macromolecules (11); however, potential photosensitizers that could be implicated in preferential CPD formation at TT sites in UVA-exposed cells remain to be investigated.
Induction of CPDs at TT sites by UVA radiation correlates with sites of mutation along exon 2 of the CHO aprt gene
It is now well established that the probability of mutation ®xation at a given nucleotide position in UV-irradiated cells is strongly dependent upon the initial frequency of CPDs and their subsequent rate of removal via nucleotide excision repair (44, 45) . Therefore, in order to shed further light on the mechanism of solar UV mutagenesis, and of UVA-induced mutagenesis in particular, the CPD damage spectrum generated here for each of UVC, UVB, UVA and SSL was aligned and compared with the corresponding mutational spectrum characterized previously in the same genetic target (13, 46, 47) . These prior studies showed that the vast majority (>90%) of aprt ± mutations induced by either UVC or UVB at the CHO aprt locus was of the UV signature type, i.e., C®T transitions at dipyrimidine sites including some tandem CC®TT events, and correspondingly very few mutations at A:T base pairs. UV signature mutations also comprised a majority of genetic alterations induced by SSL at the aprt locus, although T®G transversions at TT sites were induced at signi®cantly higher levels (25% of the SSL-induced mutation spectrum) compared with either UVC (5%) or UVB (9%). The relatively high frequency of this unusual type of base substitution in SSLexposed cells could be attributed to the UVA component of the SSL source, since it was also revealed in the same study that T®G transversions at TT dipyrimidines were represented in strikingly high proportion (37%) at the CHO aprt locus following exposure to rigorously puri®ed UVA. It was originally postulated, based on the above study, that UVAinduced mutations might be attributed to CPDs, since the vast majority of these mutations, including T®G, were targeted to dipyrimidine sites. Furthermore, three highly characteristic CC®TT UV signature tandem mutations, in addition to a signi®cant proportion of C®T transitions at dipyrimidine sites (5 and 22%, respectively), were recovered after UVA treatment. Figure 2 illustrates the alignment of damage and mutation spectra along the NTS of exon 2 at the CHO aprt locus, where >60% of all aprt ± mutations induced by UVC, UVB, UVA or SSL were recovered in the previous study described immediately above. The pyrimidine run spanning nucleotides 238±246 (especially site 241, but also 242±244; nucleotides 238±246 are underlined in Fig. 2 ), and to a lesser extent the one spanning nucleotides 250±254 (only position 253), constitute the hottest sites for mutation induction following exposure to UVC, UVB or SSL. Furthermore, these pyrimidine runs are clearly the sites that are most frequently damaged following exposure to any of the three types of radiation. CPDs were also very frequently formed at positions 202±206; however, this pyrimidine run is located within an intron, i.e., where mutations may not yield a selectable aprt ± phenotype. At positions 241±242 and 253, following UVA irradiation, GC®AT and tandem CC®TT mutations were also recovered where CPDs formed, but to a much lesser extent relative to UVC, UVB or SSL.
All UVA-induced CPD damage hotspots occur at TT sites and correlate well with UVA-induced mutation hotspots. For example, the dipyrimidine site TT 243±244, where the majority of UVA-induced T®G mutations were recovered, represents a very strong hotspot for CPD formation speci®c-ally after UVA exposure. In addition, TT 276±277, which was more frequently damaged by UVA than by other types of radiation, was also more frequently mutated by UVA and SSL, and only T®G mutations were recovered (13) . Although the UVA-induced CPD hotspot at TT 199±200 is located in an intron, one tandem TT®GG mutation was observed after UVA, strongly suggesting a CPD as the premutagenic lesion. In contrast, the TT site 251±252, which is a hotspot for UVAinduced CPDs, is not mutated by UVA. However, a T®G base substitution at the 5¢ position of the TT would not modify the amino acid residue, making this an unselectable mutation. Such a change at the 3¢ position of the TT would change a serine into alanine, but may not lead to a mutated phenotype. In any case, among hundreds of mutations at the aprt locus generated by exposure to diverse DNA damaging agents, no mutations have ever been recovered at TT 251±252 (48) .
The overall data provide strong support for the increasingly well-established notion that CPDs underlie the vast majority of mutations generated by natural sunlight exposure, and directly implicate CPDs as a preeminent premutagenic photoproduct induced by rigorously puri®ed UVA, at least in CHO cells. In all likelihood, 6-4PPs do not play a signi®cant role in UVA-induced mutagenesis, because neither the 6-4PP nor its Dewar valence photoisomer are detectable following UVA exposure (9) . Also, investigators have shown that among the plethora of oxidized DNA bases characterized to date, UVA generates mainly 8-oxoGua and very few oxidized pyrimidines (19, 22, 49) . The highly mutagenic 8-oxoGua usually induces G®T and not T®G transversions (50) . Very few, if any, G®T transversions have been recovered after UVA irradiation (13, 24) . Finally, since reactive oxygen species are produced by UVA, and consequently by sunlight (11), a role for the highly mutagenic oxidative intermediate 8-oxodGTP in the generation of T®G transversions cannot be discounted. However, incorporation of 8-oxodGTP is not expected to be sequence speci®c, nor to be responsible for the induction of tandem TT®GG mutations as we have observed at the CHO aprt locus. Further support for the notion that CPDs at TT sites can induce T®G transversions comes from the fact that UVC irradiation has been shown to frequently generate such transversions at the hypoxanthine-guanine phosphoribosyltransferase (hprt) locus in hamster cells (51) .
Although the relatively high proportion of CPDs at TT sites appears to provide a clear basis for the striking predominance of T®G transversions at the CHO aprt locus following irradiation with UVA, we emphasize that this would not appear to underlie the signi®cant increase in T®G mutations also observed after SSL irradiation. Indeed, in the current study, unlike the striking situation for UVA, no difference in levels of TT CPDs were observed for cells exposed to SSL versus UVC or UVB. At present, we have no explanation for this apparent discrepancy. We speculate that, in addition to in¯uencing initial CPD formation, UVA wavelengths may also differentially affect other determinants of mutation ®xation relative to the case for UVC or UVB, e.g., by decreasing or increasing the rate of repair and/or of translesion synthesis, respectively, particularly at TT sites.
In conclusion, our data strongly support the notion of the CPD as a major premutagenic lesion in UVA-induced mutagenesis. We would like to emphasize that UVA-induced CPDs at TT sites, presumably formed by photosensitization, could be responsible for T®G transversions in rodent cells. Assuming that these observations can be applied to human skin cancer, our data provide strong molecular impetus for advising the use of sunscreens that contain UVA-as well as UVB-blocking agents. Furthermore, extensive exposure to high intensity UVA tanning lamps could represent a risk for skin cancer through signi®cant TT CPD formation.
